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PD: photon detector; DG645: digital delay generator 645; PC: personal computer; BS: beam splitter; R: reflector;
L: lens; OL: objective lens; OF: optical fiber; XYS: XY axis electric moving stage; ZS: Z axis electric moving stage
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Fig. 2 Photos of representative shale and sandstone samples
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Table 1 Mass fraction of each element in shale and sandstone samples
Mass fraction /%
Data set
Si Ca Fe Al Mg
Mean 26.51 2.77 5.61 12.92 2.13
Median 27.28 2.75 4.67 10.03 2.07
Min 17.15 0.92 0.79 4.20 0.38
Shale (sample size is 23)
Max 35.09 5.28 16.67 37.10 5.33
STD 4.49 1.16 3.42 7.43 1.04
RSD /% 16.93 41.77 61.13 57.48 49.06
Mean 29.06 6.67 2.29 4.61 1.67
Median 31.43 6.54 2.20 4.49 1.23
Min 13.57 0.94 1.54 2.69 0.55
Sandstone (sample size is 22)
Max 41.02 17.21 3.61 6.61 5.66
STD 7.39 4.54 0.67 1.18 1.15
RSD /% 25.42 68.02 29.07 25.69 69.12
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Fig. 3 Typical spectra of shale and sandstone samples
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K2 PUOALIRHT S G AR R A o O 2

Table 2 Relative standard deviation of spectra before and after pretreatment unit: %
Data set Si Ca Fe Al Mg
RGS! 21.0046.39 57.27427.04 29.904-16.49 26.154+11.78 28.164+-18.22
R 27.51 63.54 51.44 27.17 40.13
Shale
Rt 10.704+5.15 10.694+17.66 20.99+10.37 14.524+6.71 15.774+7.63
REegea 24.83 61.56 52.58 26.19 37.89
RGE! 20.52+8.78 88.06+63.69 72.98429.58 44.30+15.51 54.18422.18
RO 26.22 81.11 58.69 29.86 56.10
Sandstone
RUpteacd 7.83+3.22 44.31428.02 42.494-24.95 34.30+21.73 40.67416.69
REcgee 15.22 73.79 58.69 31.35 53.21
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Fig. 5 Parameter optimization process of Si element
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Fig. 6 Input spectrum after parameter optimization (shale No. 2)
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#3 Si.Ca.Fe Al.MgJt % & i 7t 45 B 1 PF 8 A
Table 3 Evaluation indexes of quantitative analysis of Si, Ca, Fe, Al, Mg elements

Sample and element R’ RMSEC /% RMSEP /% RMSECV /%
Si 0.9524 1.0270 1.7494 1.9027
Ca 0.9170 0.3286 0.3615 0.7467
Shale Fe 0.9915 0.3369 0.9181 1.0515
Al 0.9870 0.9177 2.8818 3.8290
Mg 0.9909 0.1071 0.7705 0.3389
Si 0.9697 1.2171 2.6230 3.4010
Ca 0.9737 0.7594 0.9745 1.5270
Sandstone Fe 0.9457 0.1529 0.1355 0.3406
Al 0.9661 0.2448 0.7133 0.7810
Mg 0.9093 0.2090 0.3744 0.3809
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Abstract

Objective Shale oil is an important unconventional resource that has become a major development focus. Owing to the possible
reserves of petroleum and natural gas, information from core samples, which mainly contain geochemical and mineralogical
information, has attracted increasing attention from geologists and energy enterprises. Conventional analytical methods for
mineralogical analysis, including inductively coupled plasma optical emission or mass spectrometry (ICP-OES/MS), instrumental
neutron activation analysis (INNA), and X-ray fluorescence (XRF), are unsuitable for the in-situ analysis of shale because of their
slow analysis speed and limited detection range. Laser-induced breakdown spectroscopy (LLIBS) is a novel analytical method for
various materials that uses laser pulses focused on a sample to generate laser-produced plasma and spectral emissions. With the
advantages of minimal sample preparation, remote analysis, microsample ablation, and high analytical speed, LIBS is an optional
access method for analysis of cores. In this study, multi-element quantitative analysis of natural shale and sandstone samples is
conducted using a micro-LIBS system. A standardized spectral preprocessing method is developed to reduce spectral uncertainty, and
a model mput parameter optimization process 1s established to prevent model overfitting while improving model prediction accuracy. A
quantitative analysis of Si, Ca, Fe, Al, Mg, and other elements in the shales and sandstones is performed, and the average predicted
root-mean-square error of most samples is less than 1%, providing technical support for regular mineral component analysis and

lithology identification of shales and sandstones.

Methods A micro-LIBS system was established in this study, consisting of a laser, spectrometer, timing synchronizer, computer,
and optical microscope. The system used a nanosecond-pulse laser to generate a laser beam that passes through a laser beam splitter
and was sampled by a photodiode to detect the laser timing. The transmitted laser beam was introduced into an optical microscope,
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adjusted to be coaxial with the microscope illumination light path through a laser mirror, and finally focused on the sample surface
through a near-infrared objective lens to generate plasma. Plasma emission was collected by a short-focus lens to an optical fiber and
connected to a six-channel spectrometer for spectrum collection; the integration time was set to 1 ms. The laser pulse energy was
adjusted to 30 mJ, and the detection delay of the spectrometer was set to 800 ns. Before the spectrum acquisition, two laser shots
were applied for pre-ablation to stabilize the pulse energy, and 10 accumulated spectra were collected and analyzed. Partial least

squares regression was used for the data analysis.

Results and Discussions Because of the variety, inhomogeneity, and complexity of the samples, it is necessary to perform
spectral line preprocessing and characteristic spectral line identification of the extracted spectra before quantitative analysis.
Therefore, this study establishes a set of spectral data pre-processing procedures. After spectral preprocessing, the average relative
standard deviation of a single shale sample (R,,.) decreases from 32.50% to 14.53%, whereas the average R, of the sandstone
samples decreases from 56.01% to 33.92%. Simultaneously, the spectral relative standard deviation Rg.s between shale and
sandstone samples is also reduced after spectral processing, proving that the spectral preprocessing process can significantly reduce
spectral uncertainty and improve the precision of the quantitative analysis prediction results. Based on the leave-one-out method, this
study constructs a set of PLSR model input dataset parameter optimization processes. When the number of input spectra is fixed, the
optimization parameters initially decrease, and then increase as the number of principal components increases. This is because lower
principal components cause model underfitting and insufficient interpretation of the training set samples, and the RMSEC is too high.
The number of principal components causes overfitting of the model, poor interpretation of the new prediction set, and a high
RMSECYV value. The PLSR model achieves the best performance only when an appropriate number is selected. Under the optimized
parameters, R°>>0.95 and RMSEC<(1% for most samples, indicating that the PLSR model can better achieve multi-element

quantitative analysis of shale and sandstone.

Conclusions To meet the demands of rapid quantitative determination of mineral element content in natural shale and sandstone
samples, a microanalysis laser-induced breakdown spectroscopy system with automated analysis capabilities is developed to rapidly
detect and analyze oil and gas shale and sandstone natural samples. A standard process for spectral data preprocessing is established,
and the average relative standard deviation of shales is reduced from 32.50% to 14.53% , and from 56.01% to 33.92% for sandstones.
This study proposes a quantitative analysis process based on partial least squares regression (PLSR) with Si, Ca, Fe, Al, and Mg
quantitatively predicted. The R” value for most samples is 0.95, and the RMSEC and RMSEP values are lower than 1%. This study
provides technical support for the rapid analysis of the mineral components in shale and sandstone samples. The proposed data pre-

processing and quantitative analysis is expected to become a technical standard for LIBS analyses.

Key words spectroscopy; laser induced breakdown spectroscopy; shale; sandstone; spectral pretreatment; elemental quantification
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